Bipolar depression (BD) is a highly prevalent condition with limited therapeutic options. Deep (H1-coil) transcranial magnetic stimulation (dTMS) is a novel TMS modality with established efficacy for unipolar depression. We conducted a randomized sham-controlled trial to evaluate the efficacy and safety of dTMS in treatment-resistant BD patients. Patients received 20 sessions of active or sham dTMS over the left dorsolateral prefrontal cortex (H1-coil, 55 18 Hz 2 s 120% MT trains). The primary outcome was changes in the 17-item Hamilton Depression Rating Scale (HDRS-17) from baseline to endpoint (week 4). Secondary outcomes were changes from baseline to the end of the follow-up phase (week 8), and response and remission rates. Safety was assessed using a dTMS adverse effects questionnaire and the Young Mania Rating Scale to assess treatment-emergent mania switch (TEMS). Out of 50 patients, 43 finished the trial. There were 2 and 5 dropouts in the sham and active groups, respectively. Active dTMS was superior to sham at end point (difference favoring dTMS = 4.88; 95% CI 0.43 to 9.32, p = 0.03) but not at follow-up. There was also a trend for greater response rates in the active (48%) vs sham (24%) groups (OR = 2.92; 95% CI = 0.87 to 9.78, p = 0.08). Remission rates were not statistically different. No TEMS episodes were observed. Deep TMS is a potentially effective and well-tolerated add-on therapy in resistant bipolar depressed patients receiving adequate pharmacotherapy.
INTRODUCTION
Bipolar disorder is a prevalent and disabling condition, with a worldwide prevalence of around 2-3%, considering both bipolar I and II subtypes. Although hypomania and mania episodes characterize the disorder, depressive episodes in fact exceed them in duration and frequency (Holtzman et al, 2015; Perich et al, 2016; Zimmerman, 2016) . Moreover, there are limited first-line therapies for treating bipolar depression (BD), treatment-resistance being two times higher compared to unipolar depression (Li et al, 2012; Tondo et al, 2014) . Furthermore, antidepressant drugs (ADs), for example, selective serotonin reuptake inhibitors (SSRIs), tricyclic antidepressants and others, which are the main treatment for unipolar depression, have limited efficacy and adverse effects in BD (Sachs et al, 2007) . Moreover, pharmacotherapy for BD also presents side effects that can hinder optimal treatment adherence and produce long-term clinical comorbidities. These issues highlight the need for developing novel therapeutic strategies combining efficacy, acceptability, and tolerability (Sienaert et al, 2013) .
Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain stimulation therapy with established efficacy and acceptability for unipolar depression (George et al, 2010) . Notwithstanding, the technique has been under constant development to increase its efficacy. One novel approach includes the 'deep' (H1 coil) TMS (dTMS) (Levkovitz et al, 2015) . This coil generates electrical fields that, although less focal, have greater penetration depth compared to the standard, figure-of-eight coil (3 cm vs o1 cm, respectively, according to simulations using the same TMS intensity (Roth et al, 2007) . Therefore, this coil could stimulate deeper dorsolateral and ventrolateral prefrontal areas that also projects into other brain areas that present impaired functioning in depression (Luborzewski et al, 2007) . In fact, a large randomized controlled trial showed that dTMS was effective and well-tolerated in depression treatment, with response and remission rates of, respectively, 38.4 and 32.6% (Levkovitz et al, 2015) .
However, only preliminary studies have addressed rTMS efficacy in BD. A recent meta-analysis suggested that rTMS is effective in BD (McGirr et al, 2016) . Nonetheless, negative results were also found in recent trials (Fitzgerald et al, 2016) . Regarding dTMS, although case series suggest it might be effective in BD treatment (Harel et al, 2011; Rapinesi et al, 2015) , no results from randomized clinical trials have been reported so far.
Therefore, we conducted a randomized, sham-controlled clinical trial to evaluate the effectiveness and tolerability of deep-TMS as an add-on therapy to pharmacological treatment of resistant bipolar depressed patients. Our primary hypothesis was that BD patients in the active group would present a statistically greater improvement in their depressive symptoms compared to those in the sham group at the end of the acute intervention phase (four weeks of treatment). Our secondary hypothesis was that this improvement would be maintained after a 4-week follow-up.
MATERIALS AND METHODS

Study Design
We conducted a single-center, double-blind, randomized, parallel-group, sham-controlled clinical trial (Clinicaltrials. gov identifier: NCT01962350) that lasted 8 weeks, comprising 4 weeks of the acute intervention phase, in which patients received 20 dTMS or sham sessions once daily excluding weekends; and 4 weeks of the follow-up phase, in which patients received no intervention. The protocol was reviewed and approved by the Ethics Committee of the Institute of Psychiatry-Clinics Hospital of the University of São Paulo and was conducted in accordance with the principles of the Helsinki Declaration (Williams, 2008) and the American Document of Good Clinical Practice (Castelein et al, 2014) . This study report conforms to CONSORT guidelines (Stevely et al, 2015) .
Participants were randomized using a computer-generated list in a 1 : 1 ratio. Allocation concealment consisted of sequentially numbered cards, which determined whether the TMS machine would produce real or sham stimulation. A secretary not directly participating in the research was responsible for handling the numbered cards to the staff before each session. Participants and personnel were therefore fully blinded to allocation group status.
Participants
All participants signed informed consent form. We enrolled 50 adults aging from 18 to 65 years old diagnosed with bipolar disorder types I or II in an acute depressive episode. All patients presented treatment-resistant depression (TRD). Although there is not a universally accepted definition for TRD, it has been proposed that failure to achieve remission with ⩾ 2 adequate AD trials defines TRD in unipolar disorder. Here TRD was conceptualized as the failure to achieve remission with ⩾ 2 interventions (Parker and Graham, 2016) approved as first (lithium, lithium+dival-proex, quetiapine, or lamotrigine) , second (divalproex, lithium+lamotrigine, or divalproex+lamotrigine), or third line (carbamazepine, olanzapine, lithium+carbamazepine, and quetiapine+lamotrigine) therapies for BD according to CANMAT guidelines ( (Yatham et al, 2013) .
Recruitment strategies included referrals from physicians, patients from academic mood disorders clinics and advertisement through social media and local newspapers.
All clinical assessments were performed by a certified psychiatrist (DFT) and a certified psychologist (MLM) who are trained in the application of the structured questionnaires and interviews used in the present study. The diagnoses were performed per DSM-IV (Diagnostic and Statistical Manual of Mental Disorders, 4th edition) criteria and confirmed using the Mini-International Neuropsychiatric Interview (M. I.N.I.; Sheehan et al, 1998) . The main eligibility criterion was the presence of a depressive episode of at least moderate intensity, corresponding to a Hamilton Depression Rating Scale (17-items; HDRS-17)417 (Hamilton, 1960) . We only enrolled treatment-resistant bipolar depressed patients who were AD-free and using a stable drug regimen for at least 2 weeks. Benzodiazepine drugs were allowed, although only at low doses (o3 mg per day of lorazepam or equivalent). Patients who were on ADs had this class of medication washed out and were reassessed after 4 weeks.
Exclusion criteria included other neuropsychiatric conditions per DSM-IV criteria (such as unipolar depression, schizophrenia, substance dependence, dementias, traumatic brain injury, epilepsy, and others-although anxiety disorders as comorbidities were included, provided the primary diagnosis was bipolar disorder); severe personality disorders; presence of (hypo)manic symptoms at baseline and/or a Young Manic Rating Scale (YMRS)412 points; rapidcycling bipolar disorder; acute suicidal ideation; pregnancy; specific contraindications to rTMS and motor threshold (MT)470% of maximum stimulator output assessed at the screening visit. Patients presenting psychotic depression at the time of assessment (but not those with a prior history of mood episodes with psychotic features) were also excluded, since ECT was consistently found to be better than rTMS in this subgroup of patients (Milev et al, 2016) . Moreover, due to the severity of this condition, psychotic patients were not considered eligible to participate in an 8-week placebocontrolled trial for ethical reasons.
Complementary diagnostic exams consisted of, at physicians' discretion, brain MRI, general laboratory tests (including pregnancy testing, thyroid stimulating hormone levels, lithium levels and others) and a 12-lead ECG. They were used as a clinical safety parameter, to exclude possible decompensated clinical conditions that could cause or worsen secondary depressive symptoms and to perform differential diagnoses.
Interventions
The TMS sessions were delivered using the Brainsway dTMS system with the H1-coil investigational device (Brainsway Ltd, Jerusalem, Israel). The coil is situated inside a helmet to achieve effective cooling during stimulation. A sham coil is also included in the same helmet. The sham coil mimics scalp sensations and the acoustic artifact of the active stimulation without inducing neuronal activation.
Before the screening interview, potential participants had their MT (the lowest stimulation intensity necessary to evoke a motor potential with at least 50 μV amplitude in 50% of attempts) assessed to determine eligibility. MTs were reassessed at the first day of treatment and then every week. The coil was positioned over the left dorsolateral prefrontal cortex, which was found 6 cm anteriorly to the 'hot spot' (ie, the optimal location on the scalp to evoke a maximum TMS response with minimum stimulator intensity), per a ruler attached to the subject's cap. The subjects were stimulated every day for 4 weeks (except weekends). Patients who presented two consecutive missing visits were considered washouts. Missing visits were replaced at the end of the acute stimulation phase; therefore, all patients received 20 dTMS sessions.
The active stimulation consisted of 55 18 Hz, 2 s trains at 120% MT intensity, with a between-train interval of 20 s (1980 pulses per day or 39 600 pulses per treatment). The sham stimulation was performed using the same procedures, with the sham coil.
Assessments
Demographic and clinical data were collected, including age, age at onset of the first episode, marital status, occupational status, diagnosis subtype, duration of illness, medication use, and others.
The HDRS-17 (Hamilton, 1960) was the scale used for our primary efficacy outcome and also for defining response (⩾50% improvement from baseline), and remission status (HDRS-17 ⩽ 7).
Other instruments included the Clinical Global Impression Scale of severity (CGI-S) (Guy, 1976) , the Global Assessment Functioning (GAF) scale, the Hamilton Anxiety Scale (HAM-A; Hamilton, 1959) and the YMRS (Young et al, 1978) . These clinical assessments were performed every week until week 4, then every other week until week 8. Adverse events were assessed using a TMS side effects questionnaire, in which participants were actively asked regarding the presence of an adverse event and its relationship with the stimulation (Bersani et al, 2013) . They were assessed every day during the first week and then every week during the acute treatment phase.
Outcomes
The primary efficacy outcome was defined as the change in HDRS-17 from baseline to week 4. Secondary efficacy outcomes included response and remission status at week 4, depression improvement from baseline to week 8, and response and remission status at week 8. Other outcomes included HAM-A and CGI-S improvement.
The presence of treatment-emergent mania switch (TEMS) was assessed according to the ISBD recommendations that consider TEMS as likely when there are 2 or more manic symptoms (eg, irritability or euphoria (racing thoughts, grandiosity, decreased need for sleep), and YMRS412; Tohen et al, 2009).
Statistical Analyses
Analyses were performed in Stata 14 (Statacorp, College Station, TX, USA). Clinical and demographic variables were compared between groups using t-tests, Mann-Whitney test, χ 2 tests, or the Fisher's exact test and described using mean (standard deviation), median (interquartile range), or number of events (frequency) according to the type of the variable and its normality (assessed using the ShapiroWilk test).
We performed an intention-to-treat (ITT) analysis using the last observation carried forward (LOCF) approach. Missing data were considered to be at random. We also performed per protocol (PP) analyses. The sample size was calculated based on a preliminary study evaluating the efficacy of dTMS in unipolar depression (Levkovitz et al, 2009) . We estimated that the effects of active vs sham dTMS would be similar than in findings from that preliminary study that compared the efficacy of the H1 vs H1L coil groups. For a power of 90% and a two-tailed ð of 5%, we obtained a sample size of 40 patients, which was enriched to a final number of 50 participants (25 per group), considering attrition.
The primary analysis was a multilevel mixed-effects linear regression (mixed command in Stata) with group (2 levels: active and sham) and time (6 levels; baseline, weeks 1, 2, 4, 6, and 8) as independent variables and subject as a randomeffects variable. HDRS was the dependent variable. Our primary hypothesis was that the interaction of time with group would be significant, with active dTMS being superior to sham at week 4. After that, pairwise comparisons were performed at each time point (contrast command in Stata). Similar analyses were performed for the other outcome scales and for the week 8 follow-up end point.
Logistic regressions were performed to assess response and remission rates between groups.
Frequency of TEMS and adverse events were compared among groups using Fisher's exact test or the χ 2 test. We considered an adverse event to be present when it was of at least mild intensity, at least subjectively remotely associated with the intervention and reported in ⩾ 3 occasions (out of 8) and absent if otherwise.
To verify blinding integrity, we asked, at week 8, for patients and raters to guess whether the allocation group was active on a 0-100 scale; guessing scores were compared using a t-test.
Regarding predictors of response, we performed general linear models using the difference between baseline and week 4 or week 8 HDRS scores as the dependent variable. For the independent variables, we compared 1 predictor variable at a time and group. The number of failed treatments in the current episode was used to assess the degree of treatmentresistance. These analyses were only conducted in the ITT sample.
RESULTS
Participants
Of~280 volunteers, 268 were screened and 216 were excluded for several reasons (Figure 1) . Out of 50 patients included, 43 finished the trial. There were 2 dropouts in the Treatment of bipolar depression with deep TMS DF Tavares et al sham group (both because of consecutive missing visits) and 5 dropouts in the active group (two were drop-outs for consecutive missing visits, two because of the severity of depressive symptoms and one because of side effects such as headache and burning sensation over the scalp), which was not statistically different (p = 0.21; Figure 1) .
The groups were similar in all main clinical and demographic characteristics at baseline. The frequency of bipolar disorder types I and type II was 50% for each group. Only 10 (20%) patients, 4 in sham and 6 in active, were on ADs at baseline and needed a drug washout. The sample was composed mainly of women (70%), with a mean age of 42.34 (SD = 10.54) years. Patients presented a median of 2 (IQR 2-4) previous depressive episodes. The median duration of the current depressive episode was 6 months (IQR 3-12). Half of the sample was on lithium therapy, 20% on valproate, 30% on lamotrigine, and 36% on quetiapine. There were also a few patients (o10%) on aripiprazole, topiramate, olanzapine, risperidone, asenapine, carbamazepine, or ziprasidone. Forty-three patients (86%) were using at least one treatment considered a first-line therapy per CANMAT guidelines (Table 1) .
The mean percentage of missing visits was 4.5%, being 7.1% in the sham group and 1.7% in the (p = 0.044). All patients received 20 dTMS sessions, as missing visits were replaced at the end of the acute treatment phase.
Main Findings
In the ITT analysis, results from our mixed model revealed a significant main effect of time (F 5,240 = 25.38, po0 .001) and a significant time × group interaction (F 5,240 = 2.26, p = 0.046) (Figure 2 ). Further contrast comparisons revealed that active dTMS was superior to sham at weeks 4 (difference favoring dTMS = 4.88; 95% CI 0.43 to 9.32, p = 0.03) and 6 (5.2; 95% CI 0.75 to 9.64, p = 0.02) but not at other time points. Results were similar in the PP analyses (Table 2 ).
Response and Remission
There was a trend for greater response rates in the active (48%) vs sham (24%) groups (OR = 2.92, 95% CI 0.87-9.78, p = 0.08) at week 4. Comparisons regarding response and remission at week 8 were not statistically significant (Table 3) . 
Other Scales
Adverse Events and Treatment-Emergent (hypo)Mania
Scalp pain rates were higher in the active (20%) vs sham (0%) groups (p = 0.05). Other adverse events such as headache, neck pain, burning sensation, hearing complaints and concentration difficulties presented non-significantly different rates between groups (Supplementary Table 2) .
No clinical episodes of TEMS were observed. 
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Predictors of Response
No interactions between groups with any predictor variable, including type of bipolar disorder and number of failed effective treatments in the present episode, were found (Supplementary Table 3 ).
Integrity of Blinding
The degree of confidence of active group allocation was, for raters, 52.17 (29.53) and 60 (31.46) in patients that received sham and active stimulation, respectively; while for patients it was 45.65 (30.46) and 53.57 (35.57), respectively. Both differences were not statistically significant (t = 0.85, p = 0.4; t = 0.8, p = 0.43 for raters and patients, respectively). In other words, both raters and patients were unable to identify the allocation group beyond chance. Figure 2 Primary outcome.
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DISCUSSION
We performed the first randomized, sham-controlled clinical assessing the efficacy, safety and tolerability of the H1-coil TMS for the treatment of resistant bipolar depression. Our primary hypothesis was confirmed as active dTMS was superior to sham at the end of the acute treatment phase, with a mean difference in means of 4.88 in the HDRS. For comparative purposes, the National Institute of Clinical Excellence (NICE) states that a 3-point between group difference in HDRS scores translates into a clinically meaningful difference (Middleton et al, 2005) . There was also a trend for greater response rates in the active (48%) vs sham (24%) groups. Moreover, patients in the active group presented significantly greater improvement in the GAF and CGI scores. Furthermore, no clinical episodes of TEMS were observed during the treatment. Finally, dTMS was similarly effective for both bipolar I and bipolar II patients. This clinical trial was designed to evaluate the efficacy of deep-TMS as an add-on therapy to resistant BD patients, due to the paucity of studies assessing the effectiveness of treatment options in this group of patients. In fact, 86% of our sample was composed of patients using at least one treatment considered as a first-line therapy according to CANMAT guidelines (Yatham et al, 2013) at trial onset, with 50% of BD patients using lithium in clinically effective doses. Moreover, the frequency of type I and type II BD patients was equally distributed. Therefore, our findings point out that dTMS is a valid therapeutic option in such patients, whose treatment is particularly challenging, with only a few options currently available (Goodwin et al, 2016; Grunze et al, 2010; Malhi et al, 2015; Pacchiarotti et al, 2013; Yatham et al, 2013) . Importantly, dTMS was not only effective in treating depressive symptoms, but also in improving global functioning.
The OR for response and remission rates observed were lower than the ORs for rTMS in unipolar depression (Berlim et al, 2014) , which can be explained given the lower response rates usually observed in BD (Tondo et al, 2014) . In fact, our dTMS response rate (48%) was similar than the rTMS response rate for BD (44.3%) according to a recent metaanalysis (McGirr et al, 2016) -possibly, the lack of a significant finding for response in our study occurred due to an underpowered analysis owing to a low sample size. Also, this meta-analysis suggested that low-frequency rTMS over the right DLPFC might be more effective than highfrequency over the left DLPFC. However, we opted for stimulating the left DLPFC as low-frequency dTMS over the right DLPFC was not investigated for unipolar depression yet. Moreover, the results of this meta-analysis were not available when our study was designed. Our findings showing promising results for dTMS in bipolar depression stimulate further non-inferiority trials comparing the efficacy of this technique with standard rTMS approaches, which, although are costly and require large sample sizes, are necessary to assess which non-pharmacological therapy produces greater depression improvement. Scalp pain was the only adverse event more prevalent in active compared to sham dTMS. Even though, this adverse effect did not increase attrition and was considered mild by the participants who experimented it. This effect was also not important enough to harm blinding, as patients and raters did not guess the allocation group beyond chance.
Our study lasted 8 weeks, with a 4-week follow-up period after the acute treatment phase, when patients received no extra stimulation sessions. During this period, dTMS efficacy progressively decreased over time, with superiority at week 6, but not at week 8. Possibly, TMS protocols used for BD should be different than for unipolar depression. In fact, in a recent meta-analysis (Kedzior et al, 2015) assessing the antidepressant effects of rTMS after the acute treatment phase, rTMS effects in unipolar depression were stable; although no long-lasting antidepressant effects were observed in trials that also included BD. Moreover, recent naturalistic rTMS studies in unipolar depression found that maximizing the number of sessions to up to 30 could also bring significant clinical gains (Carpenter et al, 2012; McDonald et al, 2011) , particularly for treatment-resistant subjects. Another study using rTMS in BD also observed that more rTMS sessions in the acute treatment phase were associated with lower relapse rates (Cohen et al, 2010) . Furthermore, in the dTMS unipolar depression trial (Levkovitz et al, 2015) , 20 stimulations sessions were followed by two sessions per week for 12 weeks. In our study, we employed no maintenance schedule from weeks 4 to 8 devising that the mood stabilizers the patients were in use would sustain clinical improvement after the acute treatment phase. Conceivably, bipolar depressed patients might also profit from a longer treatment regimen and/or a maintenance treatment after the acute treatment phase when receiving dTMS.
Although there was no interaction between allocation group and benzodiazepine use, a main effect of benzodiazepine use was found. In fact, large, pragmatic clinical trials in bipolar disorder showed that benzodiazepine use in patients with bipolar depression seems to be a marker for a more severe course of illness, presents a higher risk of recurrence and is associated with greater illness complexity and higher burden of disease (Bobo et al, 2015; Perlis et al, 2010) . These effects were independent of anxiety levels or comorbidity. These observations might explain why benzodiazepine users in our study presented a worse clinical outcome regardless of allocation group.
A recent study (Iovieno et al, 2016) discussed that placebo responses higher than 30% in bipolar disorder placebocontrolled trials might harm trial performance. In the present study, the placebo response was lower than 30%, which adds evidence on its internal validity.
Limitations
The small sample size was the main study limitation, which might not have been adequately powered for the secondary outcomes, such as response and remission status and long term follow-up. Therefore, our results should be interpreted as preliminary and hypothesis-driven for future, pivotal trials. In addition, our findings might not be generalizable to BD patients on concurrent AD therapy, as such patients were not included in the study. Even though the use of this drug class in BD remains controversial (Pacchiarotti et al, 2013; Yatham et al, 2013) , in most real-life clinical setting these drugs are often used.
Patients who presented 470% of MT of maximum stimulator output at baseline were not included. This criterion was employed because higher applied intensities produce more adverse events such as head and local pain. To reduce local side effects and increase tolerability, rTMS pivotal studies (eg, (George et al, 2010) ) allow to progressively up-titrate stimulation intensity during or over several sessions. However, this approach was associated with lower dTMS efficacy in the pivotal dTMS depression trial (Levkovitz et al, 2015) , possibly because sessions at intensities o120%MT are less effective (Levkovitz et al, 2009 ). As our study used a low sample size, we adopted the maximum MT eligibility criterion aiming to increase patients' adherence and the trial's internal validity. However, our findings are not generalizable to patients presenting MT470% at baseline, an issue that should be investigated in future studies.
Finally, we employed no neuronavigated methods for target localization. In fact, as the H1-coil produces electrical fields that are relatively non-focal and deep (Deng et al, 2013) , the stimulated brain area in our study was probably widespread beneath the coil.
CONCLUSION
The present randomized, sham-controlled trial showed that deep TMS is a potentially effective and well-tolerated add-on therapy in resistant bipolar depressed patients receiving adequate pharmacotherapy. The effects were most evident immediately after the end of the acute treatment phase (20 dTMS sessions), and progressively faded away during the 4-week follow-up, which suggests that extended dTMS treatment might be necessary after the acute phase for an enduring response.
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